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Laser-induced ion fluorescence of laser-desorbed Ba1 ions provides a measure of the relative
number of ions near the center of the Penning trap of a Fourier transform ion cyclotron
resonance mass spectrometer. Here, we report the detection of Penning-trapped ions by ion
fluorescence, subject to radially outward ion cloud expansion (because of ion–neutral
collisions), radially inward ion cloud compression (because of quadrupolar axialization), and
the effects of buffer gas pressure and electrostatic trapping potential on those processes. At
high pressure and high trapping voltage, radial ejection is far more rapid than axial ejection;
quadrupolar axialization increases the number of ions near the center of the trap as well as the
length of time that ions may be trapped; higher pressure results in faster magnetron radial
expansion; and the choice of azimuthal quadrupolar excitation waveform significantly affects
the efficacy of axialization. Based on these results, we suggest that directly detected
laser-induced ion fluorescence provides a general new tool for mapping the ion distribution
and its time evolution in response to various excitatory and damping effects. (J Am Soc Mass
Spectrom 1998, 9, 925–930) © 1998 American Society for Mass Spectrometry
The ion spatial distribution and its time evolutionin a Fourier transform-ion cyclotron resonance(FT-ICR) mass spectrometer at each stage of an
experiment are critical in evaluating theoretical models
and for optimizing performance. The total number of
trapped ions may be estimated by pulsing the ions
axially to an electrometer connected to one of the end
cap electrodes [1]; however, that approach does not
reveal the spatial distribution of the ions. The most
common method for determining the number of
trapped ions has been to detect ion image current
induced on opposed detector electrodes [2, 3]; however,
that method detects only spatially coherent ions (i.e.,
ions that are spatially localized and moving together).
Alternatively, ions near the axial symmetry axis in one
compartment of a dual Penning trap may be located
according to whether or not they can be transferred to
the other compartment of the trap and dipole excited/
detected there [4]. Finally, Guan et al. analyzed the time
dependence of W(CO6
1 ion magnetron radial diffusion
to determine the ion initial magnetron radial distribu-
tion [5].
A different way to determine the ion spatial distri-
bution is to detect ions excited by a narrow laser beam,
thereby detecting only those ions in the path of that
beam as it traverses the ion trap. Laser-induced fluores-
cence (LIF) of atomic ions confined in a Penning trap
was first observed in 1980 by Drullinger et al. [6], who
examined laser cooling of Mg1 ions by LIF. Thompson
et al. [7] have also investigated LIF of atomic Mg1 ions
confined in a Penning trap. In 1985 Bollinger et al. [8]
detected optical–optical double resonance of Be1 ions
in a Penning trap. Itano et al. reported microwave-
optical double-resonance measurements of Hg1 ions
that same year [9]. Earlier in this decade, Werth’s group
detected LIF [10] and optical-microwave double reso-
nance [11] of Ba1 ions confined in a 6-tesla Penning
trap.
Alternatively, various researchers have examined
LIF of atomic ions confined in a Paul trap [12–15].
Mahan et al. [16] studied the LIF of N2
1 ions confined in
a Paul trap in 1982. Kato et al. [17] observed LIF of N2
1
ions by selected ion flow tube techniques. Welling et al.
this year observed a 3-GHz difference in fluorescence
excitation frequency for 24Mg1 and 25Mg1 [18].
Recently, Hemberger et al. [19] introduced laser
photodissociation as a basis for ion tomography in a
Paul trap; ions photodissociated by the laser were
subsequently detected by observing product ions from
that process. In a Paul trap, laser photodissociation ion
tomography has been used to measure the position,
velocity, and kinetic energy of resonantly excited ions
[20], as well as the radial distribution and mass-selec-
tive ejection of molecular ions [21]. The Werth group
took the idea a step farther, by direct detection of LIF
from Ca1 ions in a Paul trap, and used it to map the
stability diagram at unprecedentedly high resolution, to
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reveal several families of instabilities related to combi-
nations of ion eigenfrequencies [22]. The great advan-
tage of fluorescence detection is that the signal origi-
nates directly from the excited ion at the spatial position
struck by the laser beam, rather than indirectly (as in
photodissociation) from fragmentation and electrical
detection of fragment ions after multiple oscillations in
the trap.
Recently, we successfully detected LIF from trapped,
mass-selected Ba1 ions in the Penning trap of an FT-ICR
mass spectrometer [23]. Here, we detect LIF as a mea-
sure of the relative number of atomic Ba1 ions inter-
cepted within the cross section of a laser beam directed
axially along the magnetic field symmetry axis. Specif-
ically, we are then able to examine the time evolution of
ions during radially outward magnetron radius expan-
sion [5], radially inward magnetron radius compression
by quadrupolar axialization [24–26], and the effects of
buffer gas pressure and electrostatic trapping potential
on those processes.
Experimental
All of the experiments detailed in this article were
performed with a 3-tesla FT-ICR instrument described
previously [23]. We obtained fluorescence from Ba1
ions by laser desorption of solid barium at 1064 nm by
use of a Nd:YAG, Q-switched laser. A tunable dye laser,
pumped by the Nd:YAG laser, provided the excitation
energy for fluorescence. The laser beam used to induce
fluorescence passes along the symmetry axis of an open
three-section cylindrical Penning trap. Thus, the mea-
sured fluorescence is a measure of the number of ions
intercepted by a laser beam of ;2 mm diameter di-
rected along the symmetry axis of the Penning trap.
Apertures in the sides of the Penning trap pass the
fluorescence to a system of mirrors and lenses that
direct the fluorescence to a fiber-optic bundle and then
to a photomultiplier. A 100 MHz digitizing oscilloscope
(Tektronix, Wilsonville, OR) captures the photomulti-
plier output. Each reported fluorescence intensity mea-
surement represents an average from 10 laser shots.
Except where noted, we carried out quadrupolar axial-
ization by frequency sweep (chirp) excitation from 320
to 360 kHz with an amplitude of 10.8 Vp–p and a sweep
rate of 10 Hz/ms in the presence of helium at a pressure
of 1 3 1025 torr. Axialization of the Ba1 ions was
extended for up to several minutes by repeating the
above chirp excitations, spaced 0.002 s apart. We mea-
sured fluorescence intensity as a function of time by
executing a series of measurements after each of a series
of evolution periods (see below). A modular ICR data
station (MIDAS [27]) served to control the experimental
event sequence and detect ions by ion cyclotron reso-
nance. The error bars in each figure represent the
standard deviation for each data point.
Effects of Trapping Potential and Quadrupolar
Axialization
We used LIF to determine the relative number of ions
confined at different electrostatic trapping potentials.
Ions formed during the ionization event were trapped
by a combination of (relatively) high trapping potential
and a background helium pressure of 1 3 1025 torr. For
2.4 s following the ionization/trapping event, ions
either expand radially or (under the influence of azi-
muthal quadrupolar excitation and buffer gas colli-
sions) relax to the center of the trap. After that period,
we measure the fluorescence intensity (five measure-
ments at each trapping potential).
We measured the time evolution of fluorescence
intensity (four intensity measurements at each time
point) of trapped Ba1 ions as a function of trapping
potential (20, 100, and 280 V) in the presence and
absence of quadrupolar axialization. Each group of
experiments measured the time evolution of the fluo-
rescence intensity of trapped Ba1 ions at three different
trapping potentials: 20, 100, and 280 V.
Effect of Pressure on Ion Fluorescence Intensity
We examined the effects of pressure on our fluorescence
signal by measuring two fluorescence time courses. The
time course of ion fluorescence was first observed at a
fixed pressure of 6 3 1026 torr by admitting gas into the
vacuum chamber via a leak valve. Alternatively, the
initial pressure was raised to 6 3 1026 torr by a pulse of
gas (from a pulsed valve) but was then allowed to drop
steadily by pumping. By initiating each experiment at
the same pressure, we hoped to minimize differences in
ion number and ion cloud shape.
Effect of the Excitation Waveform on the Efficacy
of Quadrupolar Axialization
We then measured the time course of fluorescence
intensity for trapped ions in the presence of quadrupo-
lar axialization, for three different excitation wave-
forms. All three excitation waveforms were frequency-
sweep excitations with the same parameters as for all
other quadrupolar axialization presented in this paper
except for the range of frequencies swept. The first
frequency sweep from 320 to 360 kHz was “resonant”
with the barium ICR frequency of 340 kHz. We denote
a second frequency sweep from 320 to 360 kHz as
“below-resonance” excitation, and a third frequency
sweep from 356 to 640 kHz as “above-resonance”
excitation. We also measured a fluorescence time course
under identical conditions without any quadrupolar
axialization for comparison. We took four measure-
ments at each time point.
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Results and Discussion
With one exception, the results of the experiments
described below conform well with our current under-
standing of FT-ICR theory and experiment. The anom-
alous result involves the choice of excitation waveform
for azimuthal quadrupolar axialization, a topic which is
itself not yet well understood (see below).
Effect of Trapping Potential on Ion Trapping
Efficiency
Successful confinement of atomic Ba1 ions required a
trapping potential of 30–300 V applied to each endcap
electrode of a three-section open cylindrical Penning
trap. We measured the fluorescence induced from Ba1
ions generated by laser desorption at different trapping
potentials, following a 2.4 s evolution period (Figure 1)
after the ionization event. In the presence of quadrupolar
axialization during the evolution period (Figure 2, solid
line), the Ba1 fluorescence signal remained approxi-
mately constant over a trapping potential range of
70–280 V. [Over the same range of trapping potential,
fewer ions remain near the trap symmetry axis in the
absence of quadrupolar axialization (Figure 2, dotted
line), as expected [26]]. At higher trapping potential, the
fluorescence signal decreased sharply because of rapid
expansion of ion magnetron radii during the 2.4-s
interval between ion formation and LIF detection.
It is interesting to note that Beu et al. [28] observed a
trapping potential dependence of laser-desorbed metal
ions similar to that in Figure 2 when they placed a high
retarding potential on the end cap of their Penning trap
nearest the site of desorption. They attributed that
behavior to a “Debye shielding” effect. The abrupt drop
in number of fluorescence-detected ions at .300 V
trapping potential is thus likely because of a breakdown
in Debye shielding so that ions are no longer able to
penetrate the trapping potential barrier to enter the
trap.
Figure 3 illustrates the time dependence of the on-
axis ion population (as reflected by ion fluorescence
relative intensity), in the absence of quadrupolar axial-
ization. Note that a larger trapping potential results in a
larger initial fluorescence signal; thus, more ions are
trapped on-axis initially. However, the rate of ion loss
increases monotonically with increasing trapping po-
tential, because of magnetron radial expansion from
ion–neutral collisions. The situation is reversed in the
presence of quadrupolar axialization (Figure 4): both
the initial fluorescence signal and its duration increase
with increasing trapping potential, because azimuthal
quadrupolar excitation in the presence of buffer gas
Figure 1. Experimental event sequence for determination of ion
fluorescence intensity as a function of trapping potential.
Figure 2. Ba1 fluorescence intensity as a function of trapping
potential, in the presence or absence of quadrupolar axialization
during a 2.4-s interval between ion formation and ion fluorescence
detection, as shown in the experimental event sequence of Figure
1. Note the pronounced drop in fluorescence signal with increas-
ing trapping voltage, in the absence of quadrupolar axialization.
Figure 3. Ba1 fluorescence intensity as a function of the period
between ion formation and fluorescence detection, in the absence
of quadrupolar axialization, at each of several trapping potentials.
The experimental event sequence is otherwise like that of Figure 1,
except that the fixed 2.4-s interval varies from 0 to 20 s.
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collisions forces ions back to the trap axis, thereby
greatly reducing outward radial diffusion. The effect is
dramatic: the fluorescence (and thus relative number of
on-axis ions) at a trapping potential of 280 V is initially
;3 times larger than that at a trapping potential of 20 V.
In addition, the fluorescence persists for ;75 s at 280 V,
but only for ;15 s at 20 V.
Effect of Quadrupolar Axialization
Figure 5 vividly demonstrates the efficacy of quadru-
polar axialization. Ions are trapped for about five times
longer with axialization than without it. The combined
results of Figures 2–4 provide a particularly direct
demonstration that quadrupolar axialization succeeds
in increasing the length of time that ions can be con-
fined in a Penning trap.
Pressure Effects on Ion Trapping Duration
We investigated the effects of pressure on the trapping
duration of Ba1 ions by measuring ion fluorescence
intensity as a function of time under two different sets
of conditions: a constant background pressure of 6 3
1026 torr; or gas pulsed into the chamber at an initial
pressure of 6 3 1026 torr and pumped out during ion
fluorescence detection (Figure 6).
The effect of pressure on trapping duration may then
be seen from Figure 7. On removal of azimuthal qua-
drupolar excitation, at a constant pressure of 6 3 1026
torr, the fluorescence signal decays to ;10% of its initial
value after ;8 s. If, instead, a gas pulse to approxi-
mately the same initial pressure of ;6 3 1026 torr is
followed by immediate pumpdown, ;15% of the initial
fluorescence intensity persists for ;25 s. Clearly, the
diminishing pressure during the second experiment
results in a longer trapping duration, because of fewer
ion–neutral collisions and thus slower magnetron radial
expansion [5, 29].
Resonant Versus Off-Resonant Quadrupolar
Axialization
The effect of the choice of frequency-sweep (chirp)
waveform for azimuthal quadrupolar excitation on the
ion fluorescence signal is seen in Figure 8. Resonant
excitation (i.e., chirp excitation spanning a frequency
Figure 4. Ba1 fluorescence intensity as a function of the period
between ion formation and fluorescence detection, in the presence
of quadrupolar axialization, at each of several trapping potentials.
The experimental event sequence is otherwise like that of Figure 1,
except that the fixed 2.4-s interval varies from 0 to 80 s. Both the
initial fluorescence signal and its duration increase with increasing
trapping potential when quadrupolar axialization is used.
Figure 5. Ba1 fluorescence intensity as a function of the period
between ion formation and fluorescence detection, in the presence
or absence of quadrupolar axialization, at 100 V trapping poten-
tial. Note the dramatic improvement in the duration of ion
trapping in the presence of quadrupolar axialization.
Figure 6. Experimental event sequence for determination of ion
fluorescence intensity as a function of background gas pressure.
Pressure is either held constant at 6 3 1026 torr or initially pulsed
at that pressure for 11 s and allowed to drop by continuous
pumping of gas during a 0–20 s period following ion formation
and axialization (QA).
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range including the reduced ion cyclotron frequency)
and excitation by a chirp spanning frequencies below
the reduced ion cyclotron frequency were comparably
effective in axializing Ba1 ions, whereas excitation with
a chirp spanning frequencies above the reduced ion
cyclotron frequency was far less effective. Nevertheless,
even quadrupolar chirp excitation at frequencies above
the reduced ion cyclotron frequency significantly im-
proved the trapping during over an experiment per-
formed in the absence of azimuthal quadrupolar exci-
tation. We are currently investigating this peculiar
frequency-response behavior.
Axial Versus Radial Ejection
It is well known that increasing the trapping potential
in an FT-ICR experiment decreases the length of time
that ions remain trapped [30, 31]. Our fluorescence
results confirm the mechanism underlying that obser-
vation. Figure 3 shows that, in the absence of quadru-
polar axialization, ions move off-axis faster at higher
trapping potential. However, the opposite is true in the
presence of quadrupolar axialization (Figure 4): ions
remain on-axis longer at higher trapping potential.
Finally, Figure 7 shows that ions move off-axis faster
(and the fluorescence detected from on-axis ions there-
fore decreases faster) at higher pressure. Taken to-
gether, those experiments confirm that (at 1025 torr, for
$20 V trapping potential), ions are lost more rapidly
radially than axially, unless quadrupolar axialization is
used.
Conclusions
LIF represents a new and useful probe for the analysis
of ion dynamics in an FT-ICR experiment. Here, we
have demonstrated its value for characterizing pro-
cesses such as radially outward collisional ion cloud
expansion and radially inward ion cloud compression,
as well as the effects of trapping potential and pressure
on those processes. The main advantage of this tech-
nique is that the fluorescence signal is directly related to
the number of ions in the laser beam path. (Some loss in
fluorescence intensity will occur if the ion cloud elon-
gates along the z axis because our fluorescence detec-
tion efficiency is greatest near the middle of the trap.
However, the high trapping voltages used in these
experiments should severely limit ion expansion in the
z direction. Therefore, we do not expect the lower
fluorescence detection efficiency at the ends of the trap
to be a problem.) The measurement therefore reports
the relative number of ions in a comparatively small,
localized region of the Penning trap. The present results
confirm that, in the absence of quadrupolar axialization,
magnetron expansion is the primary means of ion loss
during a typical FT-ICR experiment. We also confirm
that quadrupolar axialization increases the maximum
duration of ion trapping by significantly reducing the
rate of magnetron expansion. The efficacy of quadru-
polar axialization is dramatically affected by the choice
of excitation waveform, a result that deserves in-depth
future scrutiny.
LIF ion tomography should prove useful for various
future investigations of ion dynamics in a Penning trap.
For example, it should be possible to map the one-,
two-, and/or three-dimensional spatial distribution of
an ion cloud under a variety of steady-state conditions
by translating the position of the laser beam with
respect to the ion trap. The technique could also be used
Figure 7. Ba1 fluorescence intensity as a function of the variable
interval (0–20 s) following ion formation and quadrupolar axial-
ization, at 100 V trapping potential, for each of the two pressure
regimes described in the event sequence of Figure 6. This compar-
ison illustrates faster radial diffusion of ions at higher (constant)
pressure than at lower (pulsed) pressure.
Figure 8. Ion fluorescence as a function of a period (0–100 s) of
irradiation by resonant (320–360 kHz), below-resonance (36–320
kHz), and above-resonance (356–640 kHz) frequency-sweep exci-
tation, for Ba1 ions of unperturbed cyclotron frequency, 338 kHz.
A control experiment with no quadrupolar excitation is also
shown.
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to monitor the response of an ion cloud to various
dipolar and quadrupolar excitation schemes, various
ion trap geometric and trapping potential configura-
tions, as well as various modulations of end cap (“trap-
ping”) potential during an experimental event se-
quence. The effect of different buffer gases could be
explored, along with the mechanism (Langevin versus
hard sphere) for ion–neutral collisions [32]. Such exten-
sions promise to provide many new insights into the
shape and time behavior of an ion cloud in an FT-ICR
mass spectrometer.
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